Abstract: Future variations in the ocean wave climate caused by global warming could affect various coastal issues. Using a third-generation wave model, this study produced projections of the ocean wave climate for winter around Japan, focusing on the Japan Sea side. Wave simulation forcing (sea surface wind) was generated through five different global warming experiments. More than half the future wave projections showed an increasing tendency of the climatological mean significant wave height during winter. However, the maximum significant wave height did not show any clear tendency in future variation. The top 1% of significant wave heights and mean wave periods showed apparent increases in frequencies of higher/longer waves in three out of the five future projections. Frequency distributions of significant wave height, mean wave period, mean wavelength and wave direction showed various future variations (reduction of small ocean waves, increasing frequency of waves from the west). There are large uncertainties in future variations of wave climate in the Japan Sea, but the high probability of variations in daily wave climate is recognized, based on the future wave projections. Variations in daily wave climate are important because they could affect the topography and environment of the coast through long-term repetitive actions.
Introduction
Variations in the atmospheric conditions because of climate change could have impacts on the ocean wave climate. Variations in ocean wave climate, including mean and extreme wave conditions, could have considerable impact on various applications, e.g., coastal planning (flood disaster prevention, coastal environment), design of coastal and offshore structures, ship design, harbor activities, and the evaluation of wave energy resources. Projections of future wave climate are indispensable for the assessment of the impact of variations in wave climate and for the development of appropriate adaptation strategies. However, Global Climate Models (GCMs) for climate research do not simulate ocean waves, and some postprocessing or analysis method is necessary to investigate the effects of climate change on ocean waves. Projections with high spatial resolution are desirable especially for detail assessment of the impact on wave climate for specific coastal areas.
There are two approaches to generate projections of wave climate. One is dynamical downscaling based on numerical models, and another one is statistical downscaling technique. In both approaches, atmospheric conditions (near-surface wind and/or sea level pressure) projected by GCMs are used to generate ocean wave conditions. Seasonal mean and extreme global ocean wave heights were projected with sea level pressure projected by multiple GCMs and emission scenarios as forcing [1] . A statistical downscaling method was applied using a regression model, and the projected ocean wave height was estimated on a 96-48 Gaussian grid in [1] . Future variations of global ocean wave climate were examined with ocean wave heights projections by another statistical method by the authors of [2] . The sea level pressure from output of a numerical model was used as the forcing data in a wave simulation. For the present climate, winds simulated with reanalysis data were used. For the future climate, the results of PGW simulations implemented using multiple GCM products were used as the forcing for the wave simulations.
The remainder of this paper is organized as follows. In Section 2, the data and wave model used in this study are described. In Section 3, the results and a discussion of wave simulations are presented. Finally, in Section 4, a summary of the study is provided.
Methods

Forcing Data forWave Simulations
As forcing data for the wave model, this study used the results of dynamic downscaling by a numerical weather prediction model. Future variations of precipitation in the Kanto Region of Japan were investigated in [19] . Future precipitation characteristics were obtained by dynamic downscaling with PGW conditions, which were compared with the downscaling results of present climate condition forced by reanalysis data. The Weather Research and Forecasting model (WRF, [20] ) version 3.4 was used for downscaling in [19] . For downscaling of present climate, Japanese 25-year reanalysis (JRA-25, [21] ) were used as initial and boundary conditions. As forcing of downscaling future climate by WRF, the PGW conditions were obtained from five different global warming experiments as part of CMIP5 (listed in Table 1 ). The climatological spatial patterns of atmospheric temperature and specific humidity around Japan are well-reproduced with the correlation coefficient higher than 0.8 in these five GCMs [19] . In the preparation of the PGW conditions, high temporal resolution (6 hourly) anomalies were produced as the differences between the 6-hourly future atmospheric conditions and the climatological monthly mean conditions of historical runs in each of the GCMs. Then, the PGW conditions were generated by adding the anomalies to the monthly mean climatology based on JRA-25. The historical climatological monthly mean conditions were taken as the 1996-2005 (or 2001-2010 for some GCMs output) averages, and the future conditions were taken as the 6-hourly products from 2060 to 2070 under the RCP4.5 emission scenario [3] . All the PGW conditions were based on the same climatological conditions (or JRA-25). Thus, the PGW method allows comparison of the results of one historical downscaling and multiple future conditions. Dynamic downscaling for the historical period was implemented for the period 2000-2010. The period of the historical downscaling (2000-2010) and the period to make the historical climatological monthly mean conditions (1996-2005 or 2001-2010) are different. But the difference between these periods are not significant to investigate climatological features. In the downscaling simulation by WRF, a two-domains nesting system was applied. The horizontal spatial resolutions of the parent and child domains were 30 km and 6 km, respectively [19] . In this study, the wave model was forced by zonal and meridional wind components at 10 m above the ground surface, which were obtained as dynamic downscaling results in [19] . Eleven years' output for the present (2000-2010) and future (2060-2070) periods were used for the wave simulation.
In [19] , PGW conditions were produced with projections from the five GCMs listed in Table 1 . In this study, the wave simulations forced by future projections were named PGW-1, 2, . . . , 5 with the number of the GCM shown in Table 1 . The historical wave simulation (or the results of the present climate) was called CTL.
Wave Simulation (WaveWatch III)
WaveWatchIII (hereafter, WW3) is a third-generation spectral wave model that was developed by NOAA/NCEP [22] . Wave climate around Japan was projected by WW3 with the forcing of wind speed from downscaling results mentioned in the previous section. A nesting method was applied to obtain high resolution wave climate along the coast on the Japan Sea. The parent domain, with a 0.1 • resolution, covered the sea area around all parts of Japan. The inner domain had 0.033 • horizontal resolution and covered the sea area from the central to northern parts of the coast on the Japan Sea side (Figure 1 ). In the simulations, 24 wave directions were set with 15 • intervals. Twenty-four wave frequencies were set from 0.04118 to 0.44617 Hz using an incremental factor of 1.1. The n-th frequency f (n) is expressed by In this study, the wave model was forced by zonal and meridional wind components at 10 m above the ground surface, which were obtained as dynamic downscaling results in [19] . Eleven years' output for the present (2000-2010) and future (2060-2070) periods were used for the wave simulation.
In [19] , PGW conditions were produced with projections from the five GCMs listed in Table 1 . In this study, the wave simulations forced by future projections were named PGW-1, 2, … , 5 with the number of the GCM shown in Table 1 . The historical wave simulation (or the results of the present climate) was called CTL.
WaveWatchIII (hereafter, WW3) is a third-generation spectral wave model that was developed by NOAA/NCEP [22] . Wave climate around Japan was projected by WW3 with the forcing of wind speed from downscaling results mentioned in the previous section. A nesting method was applied to obtain high resolution wave climate along the coast on the Japan Sea. The parent domain, with a 0.1° resolution, covered the sea area around all parts of Japan. The inner domain had 0.033° horizontal resolution and covered the sea area from the central to northern parts of the coast on the Japan Sea side (Figure 1 ). In the simulations, 24 wave directions were set with 15° intervals. Twenty-four wave frequencies were set from 0.04118 to 0.44617 Hz using an incremental factor of 1.1. The n-th frequency ( ) f n is expressed by ( ) ( )
(1) For flux computation, following friction velocity * u is used [22] . * u is defined as follows:
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The settings used for WW3 are shown in Table 2 . For flux computation, following friction velocity u * is used [22] . u * is defined as follows:
The settings used for WW3 are shown in Table 2 . As stated in Section 1, the wave characteristics around Japan in winter were the focus of this study. Therefore, wave simulations were generated for the period October-February (five months). For the first year of the target period (i.e., 2000 or 2060), the simulation started in January. The simulation was terminated in December for the final year of the target period (i.e., 2010 or 2070).
The results of the wave simulations were compared with observational data from the Nationwide Ocean Wave information network for Ports and HArbourS (NOWPHAS) in Japan. NOWPHAS is operated by the Ministry of Land, Infrastructure, Transportation, and Tourism and several other governmental agencies and research institutes in Japan. Wave observations are implemented at 78 sites around Japan, and products after 2001 are published on a website. This study used data observed at Kanazawa and Akita for validation.
Results
Validation of Present Wave Climate Simulated by WW3
The results of the wave simulation with historical forcing were validated with NOWPHAS observational data from Akita and Kanazawa. The historical wave simulations were made for 11 years but the comparison data were obtained during 2001-2010 because of NOWPHAS limitations. The output interval of the wave simulations was 1 h but the interval of NOWPHAS observations is 2 h. Therefore, the simulated wave characteristics were examined for the target periods (5 months from October to February in target years) with 2-hourly data (more than 16,000 data for the simulations and the observations). Figure 2 shows comparisons of significant wave height (H s ) and mean wave period (T m ) at the two observation sites. Significant wave height shows some scattering but no significant bias at either site. The correlation coefficient for Akita and Kanazawa is 0.83 and 0.86, respectively. At Akita, the maximum value of H s is >8.0 m for both the simulation and the observation data. However, the simulated maximum H s is about 6.0 m at Kanazawa, whereas the observed maximum H s is >8.0 m. Thus, high waves are slightly underestimated by WW3 at Kanazawa. The mean wave period varies more widely than H s and the correlation coefficient is 0.70 and 0.64 for Akita and Kanazawa, respectively. However, there is no significant bias in T m . These results indicate good agreement between the simulated and the observed wave climates. Figure 3 shows the spatial distributions of climatological significant wave height (H s ) and maximum significant wave height (H s_max ) in winter (December-February: DJF) in the parent domain during the target period for the wave simulation. Over a wide area of the Japan Sea side, H s along the coast is >2.1 m, whereas it is smaller (~0.9 m) along the coast on the Pacific side. In winter, strong northwesterly winds that blow over the Japan Sea cause higher ocean waves. Therefore, H s_max in winter is >10 m over the northern half of the coastal area on the Japan Sea side, whereas it is >10 m near only a limited area of the coast on the Pacific side. Figure 4 illustrates the spatial distributions of climatological mean wave period (T m ) and maximum mean wave period (T m_max ) in DJF during the target period. On the Japan Sea side, waves with T m > 7 s reach the coast. On the Pacific side, waves with T m of 5.0-5.5 s are found over a wide area. There are some differences between the spatial patterns of T m and H s but the same tendencies (ocean waves are larger on the Japan Sea side) can be recognized within them. The values of T m_max in CTL are comparable between the Japan Sea side and the Pacific side. However, there are clear differences between the spatial patterns of T m_max and H s_max in CTL. 
Future Variations of Wave Characteristics around Japan
The Japan Sea is rather enclosed and its wave characteristics are affected largely by the wind climate over the Japan Sea. Figure 5 shows the climatological mean wind speed in winter (DJF) and its future variations. Here, Welch's t-test [24] was applied to examine the significance of difference between the climatological mean wind speed in present and in future climate. CTL shows that mean wind speed at 10 m above the sea surface ( 10 U ) is 9 m/s or more around Japan during winter. In PGW-1, 3, 4, and 5 increasing tendencies of 10 U can be seen over the Japan Sea, and these tendencies are statistically significant in wide areas. Although PGW-2 shows a decreasing or small variation over the Japan Sea, it is not statistically significant along the coast. These results indicate the high likelihood of an increasing tendency of 
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Details of Future Variations of Wave Characteristics at Kanazawa and Akita
Details of the future variations of wave characteristics at Kanazawa and Akita were investigated. Figure 11 shows the top 1% (about 4000 values) of Hs and Tm at the two sites. The results of PGW-2 show the top 1% of Hs is smaller than CTL at both sites. For Tm, the results of PGW-2 are slightly smaller than CTL at Akita but comparable at Kanazawa. PGW-3 shows that Hs and Tm are comparable with CTL at both Akita and Kanazawa. The results of PGW-1, 4, and 5 show the top 1% of Hs and Tm are larger than CTL. Figures 7 and 10 do not show any significant or common features in future variations of Hs_max and Tm_max. However, Figure 11 does show larger ocean waves affect the coast on the Japan Sea side more frequently in more than half of the PGW simulations. This might not cause 
Details of the future variations of wave characteristics at Kanazawa and Akita were investigated. Figure 11 shows the top 1% (about 4000 values) of H s and T m at the two sites. The results of PGW-2 show the top 1% of H s is smaller than CTL at both sites. For T m , the results of PGW-2 are slightly smaller than CTL at Akita but comparable at Kanazawa. PGW-3 shows that H s and T m are comparable with CTL at both Akita and Kanazawa. The results of PGW-1, 4, and 5 show the top 1% of H s and T m are larger than CTL. Figures 7 and 10 do not show any significant or common features in future variations of H s_max and T m_max . However, Figure 11 does show larger ocean waves affect the coast on the Japan Sea side more frequently in more than half of the PGW simulations. This might not cause severe damage but it could change the coastal environment. Wave directions also show some differences in the future. PGW-1 and PGW-5 show a clear increase in ocean waves from the SW-W and a decrease in waves from the S-SW and W-NW. It indicates that waves from the west will increase in future at Akita. However, the other three PGW runs do not present any common characteristics. (Figure 13c ). Wave directions show similar tendencies in future variation among the five PGW simulations at Kanazawa. The frequency of waves from the NW-N decreases in the five PGW runs, whereas waves from W-NW increase in frequency in PGW-1, 2, 4, and 5. In PGW-3, waves from SW-W increase slightly in the future. These results indicate the high probability of an increase in the frequency of waves from the west in the future at Kanazawa. (Figure 13c ). Wave directions show similar tendencies in future variation among the five PGW simulations at Kanazawa. The frequency of waves from the NW-N decreases in the five PGW runs, whereas waves from W-NW increase in frequency in PGW-1, 2, 4, and 5. In PGW-3, waves from SW-W increase slightly in the future. These results indicate the high probability of an increase in the frequency of waves from the west in the future at Kanazawa.
It is indicated that, as well as the extreme wave climate, the daily wave climate is also important [5] . Ocean waves with small values of H s do not affect the coastal environment over short periods, but the accumulated effects of changes in the wave climate might have an impact on coastal areas. Figure 11 shows that, although not extreme, relatively higher waves will occur more frequently in the future. Figure 5 , Figure 12 , and Figure 13 all indicate that the daily H s will be greater in the future climate modeled in PGW-1, 4, and 5. Based on this analysis, the impacts of changes in wave climate should be discussed. Furthermore, it is recognized that detailed simulations are indispensable for planning, design, and assessment in relation to coastal environments. It is indicated that, as well as the extreme wave climate, the daily wave climate is also important [5] . Ocean waves with small values of Hs do not affect the coastal environment over short periods, but the accumulated effects of changes in the wave climate might have an impact on coastal areas. Figure 11 shows that, although not extreme, relatively higher waves will occur more frequently in the future. Figures 5, 12 , and 13 all indicate that the daily Hs will be greater in the future climate modeled in PGW-1, 4, and 5. Based on this analysis, the impacts of changes in wave climate should be discussed. Furthermore, it is recognized that detailed simulations are indispensable for planning, design, and assessment in relation to coastal environments.
Conclusions
Using a third-generation wave model, the winter wave climate of the Japan Sea was projected based on five different GCM products. Sea surface wind speed, which was used for forcing the wave simulation, showed significant enhancement in the Japan Sea under the condition of global warming in four out of five future projections. Corresponding to the enhanced wind, the mean significant wave height over the Japan Sea is projected to become greater in the future climate. In one future projection (PGW-2), clear variations were not recognized in sea surface wind and mean significant wave height along the coast of the Japan Sea. The mean wave period did not show any common tendency in the five future projections. The maxima of significant wave height and of mean wave period also did not show clear future variations in the Japan Sea. The top 1% of significant wave heights and mean wave periods indicated higher and longer wavelength ocean waves in more than half of the future projections. In two future projections (PGW-2 and PGW-3), top 1% significant wave height and mean wave period are comparable to or smaller than in the present climate. The frequency distributions of significant wave height, mean wave period, mean wave length, and wave direction showed a range 
Using a third-generation wave model, the winter wave climate of the Japan Sea was projected based on five different GCM products. Sea surface wind speed, which was used for forcing the wave simulation, showed significant enhancement in the Japan Sea under the condition of global warming in four out of five future projections. Corresponding to the enhanced wind, the mean significant wave height over the Japan Sea is projected to become greater in the future climate. In one future projection (PGW-2), clear variations were not recognized in sea surface wind and mean significant wave height along the coast of the Japan Sea. The mean wave period did not show any common tendency in the five future projections. The maxima of significant wave height and of mean wave period also did not show clear future variations in the Japan Sea. The top 1% of significant wave heights and mean wave periods indicated higher and longer wavelength ocean waves in more than half of the future projections. In two future projections (PGW-2 and PGW-3), top 1% significant wave height and mean wave period are comparable to or smaller than in the present climate. The frequency distributions of significant wave height, mean wave period, mean wave length, and wave direction showed a range of different variations among the five future projections. Significant wave height showed a certain shift in several future projections. These results indicate that, although not extreme, the daily significant wave height will become greater along the coast of the Japan Sea. The frequency distributions of the mean wave period and wavelength also indicated that daily ocean waves would become longer. The results of wave directions showed an increasing frequency of waves from the west in four projections at Kanazawa. Daily ocean waves cannot cause severe disasters or change the topography and environment of the coast over short periods. However, the repetitive effect of ocean waves could have certain impact on coastal areas over the long term. Therefore, changes in daily ocean climate cannot be neglected, and long-term simulations of coastal morphology or the coastal environment are recognized as indispensable in assessing future variations and for preparing adaptation strategies.
Some future variations are common among more than half the multiple projections using different GCMs, but there are uncertainties that remain in the results of the wave simulations. For example, in the northern part of the Japan Sea showed an opposite tendency of variation (Figure 6 ), i.e., both increasing and decreasing tendencies were statistically significant in that area. In [16] , a statistical downscaling method was applied using multiple GCM projections to estimate global wave height and sea level rise, and opposite (i.e., increasing and decreasing) trends of H s were found in different regions. At the same time, large uncertainties in the projected values of H s for different GCMs were also reported. Ocean waves are controlled by local/remote sea surface winds, but the projections of GCMs and the outputs of weather forecasting models are not perfect. In this moment, it is difficult to elicit definitive conclusions of future variations of wave climate along the coast of the Japan Sea. But, in order to exploit available future projections, a probabilistic evaluation method should be established using multiple model outputs. Furthermore, bias correction of the forcing data could be a useful method to prevent some of the uncertainties. To utilize future projections based on multiple global experiments, the development of postprocessing techniques or methods for interpretation will be indispensable.
Numerical wave simulations can provide wave spectra. In this study, changes in H s and T m were examined, but from a scientific point of view, the reasons behind the changes in wave climate are of greater interest. Using wave spectra, the causes of the changes in wave characteristics (e.g., effects of local wind waves or remotely developed swell) could be investigated. This would enable an assessment of their impact and further the understanding of the mechanism of variations in wave climate, which is an important challenge in this field.
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